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Abstract 
Uranium dioxide is the most prevalent nuclear fuel. Defect clusters are known to be present in 
significant concentrations in hyperstiochoimetric uranium oxide, UO2+x, and have a significant 
impact on the corrosion of the material. A detailed understanding of the defect clusters that form 
is required for accurate diffusion models in UO2+x. Using ab initio calculations, we show that at 
low excess oxygen concentration, where defects are mostly isolated oxygen interstitials, hydrogen 
stabilizes the initial clustering. The simplest cluster at this low excess oxygen stoichiometry, 
consists of a pair oxygen ions bound to an oxygen vacancy, namely the split-monointerstitial, 
resembling larger split interstitials clusters in UO2+x. Our data shows that depending on local 
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hydrogen concertation, the presence of hydrogen stabiles this cluster over isolated oxygen 
interstitials. 




The role of hydrogen on diffusion in materials is often overlooked if not part of proton 
conduction. This is despite the presence of hydrogen having an impact on many materials 
properties1-16. In proton conductors, the behaviour of hydrogen at the atomistic level will define 
their microscopic conductivity. In fluorite structured materials this is relatively unclear, and so 
there is a compelling argument to map the interaction of hydrogen with the different components 
of the lattice. Detecting hydrogen experimentally is somewhat complex so modelling has become 
a routine way to analyse the details at the nanoscale17-22. Our research focusses on mapping the 
interaction between hydrogen and oxygen; the diffusion of hydrogen may indeed be affected by 
the diffusion of oxygen. One such diffusion mechanism is via the interstitialcy mechanism in 
which an interstitial anion displaces a lattice anion. This is particularly important in anion rich 
materials, such as found in the most important nuclear fuel, UO2+x. In UO2 the corrosion of the 
material occurs via complex oxygen defect clustering1-10, as the oxygen stoichiometry within the 
material evolves over the fuel cycle, although the fluorite structure is retained over a wide oxygen 
stoichiometry resulting in many nonstoichiometric oxide phases existing between UO2 and U3O8
10-
12, 23. However the impact of hydrogen on the clustering and thus on the diffusion of oxygen is still 
highly overlooked and yet the work on uranium corrosion24-26 shows that it is both present and 
diffuses through the oxide. 
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The current consensus on UO2+x oxidation agrees that below x=0.05
7 excess oxygen exists as 
isolated oxygen interstitials (Oi). Above x=0.05 clustering of oxygen interstitials and vacancies 
starts to occur, although its nature is still debated. Experimentally, the smallest cluster proposed is 
the Willis cluster27, however, all subsequent ab initio studies on its isolated form have found this 
to be unstable with respect to the split di-interstitial28. Recent ab initio studies have shown that 
chains of Willis clusters are stable23 at 0.125<x<0.25, and that hydrogen can stabilise isolated 
Willis clusters17. As the excess oxygen concentration continues to increase, larger defect clusters 
have been proposed, the cuboctahedron4, 29 and the split interstitials6, 11, 23, 30, 31.  
In this study we have evaluated the thermodynamic stability of a new oxygen defect cluster at 
low excess oxygen concentrations. Our findings show that even at excess oxygen concentrations 
of x<0.05, it is possible for isolated oxygen interstitials to form  a small stable defect clusters, 
which resembles the intermediate state of the interstitialcy diffusion of oxygen (Fig 1b), where a 
lattice oxygen diffuses by pushing another oxygen atom from its lattice site. As this cluster has a 
single excess oxygen, it can be referred to as a split-monointerstitial, 𝐼1
𝑥 (Fig. 1b) in line with 
common nomenclature for the family of split interstitials, where the split di-, tri- and quad- 
interstitials have 2, 3 or 4 additional oxygen atoms, respectively. 
Computational Methodology 
We have used ab initio modelling at the density functional theory level. Four different sized 
simulation cells containing 12, 16, 24 or 32 UO2 units were generated in order to evaluate the 
stability of oxygen defects as a function of concentration. All calculations were performed using 
the VASP code32, with PAW pseudo-potentials and the GGA PBE+U functional33. The Dudarev34 
approach was used for the implementation of the onsite Hubbard Ueff parameter, with U = 4.5 eV 
and J = 0.54 eV35, consistant with previous studies6, 11-12, 17, 19. For the 12, 16 and 24 UO2 cells the 
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plane-wave cut-off energy was set at 500 eV and a Γ-centred 4x4x4 Monkhorst-Pack k-point grid 
was used, whereas for the 32 unit UO2 cell the cut-off energy was 400 eV and a Γ-centred 2x2x2 
Monkhorst-Pack k-point grid was used, in line with previous work17, 18, 30, 36. The different sized 
simulating cells results in a consistent shift to the absolute energies of the defects but the relative 
energies remain the same, even with the inclusion of spin orbit-coupling18. In line with we  use the 
96 atom unit cell for all our simulations6, 11-12, 17, 19. 
For all calculations, convergence criteria for the electronic and ionic relaxations were 1x10−6 
eV/atom and 1x10−2 eV/Å, respectively. All calculations were performed at constant pressure to 
avoid any residual strain/stress on the defect cluster. All calculations implemented collinear 1k 
antiferromagnetic ordering, which is considered an appropriate approximation for the 
experimentally observed 3k noncollinear antiferromagnetic ordering37, 38, and is line with the 
literature4, 23, 30, 36. The effect of spin orbit coupling has not been included as discussed in the 
literature18, 39-41. In line with previous DFT studies the zero point energy (ZPE) was not included 
in the energy terms6, 19, 31, 38, 42. 
All structural models were generated using the METADISE43 code and all structural figures were 
created using VESTA44. 
Results and Discussion 
For all structural models, including the isolated Oi and the 𝐼1
𝑥, one excess oxygen was added to 
the simulation cells producing four different excess oxygen stoichiometries (i.e. UO2+x with x = 
0.03, 0.04, 0.06 and 0.08) in the 12, 16, 24 and 32 UO2 cells, respectively. The Oi is at the centre 
of the octahedral interstitial site (Fig. 1a), whereas in the 𝐼1
𝑥 an interstitial displaces a lattice 
oxygen, thereby making the lattice oxygen an interstitial (Fig. 1b). The two oxygen atoms which 
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form the 𝐼1
𝑥cluster are displaced an average of 1.20 Å in the <110> direction from the vacancy site 
and 0.73 Å in a <100> direction (Fig. 1b). 
The formation energy of both the 𝐼1
𝑥 and Oi was calculated according to Equation 1, where 
𝐸𝑈𝑂2+𝑥  is the energy of defective hyperstoichiometric UO2, 𝐸𝑈𝑂2  is the energy of the stoichiometric 
UO2 and 𝐸𝑂2  is the energy of oxygen gas. 
𝐸𝐹𝑜𝑟𝑚




Only at the lower excess oxygen concentrations (x < 0.04) does the  𝐼1
𝑥 cluster have a favourable 
formation energy, although it remains less favourable than Oi across all oxygen stoichiometries 
(Fig. 2a). Further comparison of the Oi with the larger defect clusters, split di-interstitial (UO2.06) 
and the split tri-interstitial (UO2.09)
30, shows that while the isolated Oi has a favourable formation 
energy they are now less favourable than the split interstitial clusters. The calculated energetics of 
the defects agrees with the current consensus for the oxidation model of UO2 where below x=0.05 
oxygen exists as isolated Oi and above this clustering is preferred. 
The introduction of an additional oxygen to the largest UO2 simulation cell resulted in the 
oxidation of two U4+ to U5+. For the Oi this is accompanied by a reduction in volume of -0.36 %. 
However, for the 𝐼1
𝑥 cluster there was an expansion in volume of 0.18 %. This provides a potential 
metric by which the Oi and  𝐼1
𝑥 cluster can be differentiated. 
As was shown in our previous work, the presence of small concentrations of hydrogen has a 
significant effect on the overall stability of the oxygen defect clusters such as the split di interstitial 
and the 2:2:2 Willis cluster17. We have therefore considered the impact of hydrogen on the stability 
of the Oi and the 𝐼1
𝑥 cluster, by varying the local hydrogen concentration between 117 and 234 µg 
H/ g UO2. This is equivalent to the addition of 1 and 2 hydrogen atoms to the simulation cell, 
respectively. The excess oxygen concentration was held constant at x=0.03, which corresponds to 
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working with the simulation cell with 32 UO2 units. All interstitial hydrogen was added as neutral 
defects, this allows for the preferred electronic distribution to occur. Addition of hydrogen, not in 
the presence of excess oxygen results in a H-/U5+ or H+/U3+ defect pair depending on the distance 
between hydrogen and a lattice oxygen18-20. In the presence of excess oxygen an OH-/U5+ defect 
pair forms, where the hydrogen reduces one of the two U5+ formed by the excess oxygen17.  The 
presence of excess oxygen has modified the defect behaviour of hydrogen within UO2+x, compared 
with stoichiometric UO2, where the defect chemistry now resembles that of stoichiometric heavier 
AnO2 (An=Np, Pu, Am, Cm), where the hydroxyl defect is preferentially formed and the hydride 
defect is unstable18-20. However, UO2 occupies a unique point in the AnO2 series, making further 
comparisons difficult as it is the only material to have both the hydride and hydroxyl defects as 
stable18,20.  
There are a range of studies in the literature concerning the interaction of hydrogen with actinide 
dioxide surfaces, either as H2
45,46 or water molecules47-49. These studies have also looked at the 
evolution of H2 from the surface and provide a source from which hydrogen could be incorporated 
into the bulk lattice. However, these studies only consider the surface chemistry but do not report 
formation of large clusters. 
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FIG. 1: (a) Oxygen interstitial location in the octahedral interstitial site. (b) Minimised  𝐼1
𝑥 
configuration. (c) Minimised  𝐼1
𝑥 configuration with hydrogen present. Lattice oxygen shown in 
red, interstitial oxygen in green, oxygen vacancy in purple and hydrogen in orange. Uranium ions 
not shown for clarity. 
The interaction of one H with the Oi resulted in the formation of a hydroxyl interstitial, whereas 
a H-O-H cluster (like a constrained water molecule with H-O-H bond angle of 87.13°) was formed 
when two H interacted with the Oi (all other configurations were the 2H interact with the Oi and 
lattice oxygen were less stable). In the case of the  𝐼1
𝑥 cluster there are a greater variety of 
configurations for accommodating the interaction of hydrogen with the cluster. For the single 
hydrogen defect we considered two hydroxyl configurations; the first where one of the oxygen 
atoms of the 𝐼1
𝑥 forms a hydroxyl pointing towards the octahedral interstitial space and the second 
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where the hydroxyl points towards the oxygen vacancy. When the hydrogen concentration 
doubled, we considered both oxygen of the 𝐼1
𝑥 forming hydroxyl groups and again these were both 
arranged to be pointing towards an octahedral interstitial site and both pointing towards the 
vacancy. Finally, we considered one pointing away and the other pointing towards the oxygen 
vacancy. The configuration of the 𝐼1
𝑥cluster with the hydroxyl groups pointing away from the 
vacancy was significantly more favourable (≈100 KJmol-1) than the other configurations, therefore 
this is the only configuration that we consider hereafter. This same behaviour is also observed 
between the larger defect clusters and hydrogen17. 
The formation energy of defects interacting with hydrogen was calculated according to Equation 
2, with 𝐸𝑈𝑂2.00 and 𝐸𝑈𝑂2.03𝐻𝑛  the energy of stoichiometric UO2.00 and hydrogen doped oxygen rich 
UO2.03, 𝐸𝐻2  and 𝐸𝑂2  are the energies for molecular H2 and O2, respectively, with n taking values of 
0.03 or 0.06, corresponding to 117 or 234 µg H/ g UO2, respectively. 
 
𝐸𝐹𝑜𝑟𝑚
𝑂𝐻 =  𝐸𝑈𝑂2.03𝐻𝑛 − (𝐸𝑈𝑂2 +  
0.03
2
𝐸𝑂2 +  
𝑛
2
𝐸𝐻2)      (2) 
 
The results clearly show that all defective clusters were stabilised by the addition of hydrogen 
as shown in Fig. 2b. The presence of hydrogen stabilises the 𝐼1
𝑥 defect cluster, and the stability 
relative to Oi increases with hydrogen concentration.  Indeed, at the highest hydrogen 
concentration, the cluster stability exceeds that of Oi and hence we predict that this will act to pin 
the oxygen diffusion. The onset of this occurs when local hydrogen concentration is 117 µg H/ g 




FIG. 2: (a) Solution energies of an oxygen interstitial and the 𝐼1
𝑥 cluster at varying excess oxygen 
concentrations. The defect clusters energetics represent the energy per O atom of a 𝐼2
𝑥 (split di-
interstitial, 2.06) and 𝐼3
𝑥 (split tri-interstitial, 2.09), (b) Formation energies of oxygen interstitials 
and the µg H/ g UO2 cluster with varying hydrogen concentration. The excess oxygen 
concentration was constant at x=0.03. Only energies for the most stable configurations are shown. 
 
An important contribution to the stability on the addition of hydrogen is through the reduction 
of U5+ introduced by the oxidation of UO2 (i.e. the presence of additional oxygen). One U
5+ species 
is reduced for every hydrogen atom added. Thus at the higher concentrations of hydrogen (234 µg 
H/ g UO2), the uranium sublattice is made up entirely by U
4+. This is associated with an expansion 
in volume for both the Oi (0.65 %) and 𝐼1
𝑥(0.99 %) thereby increasing chemical strain.  
 
We have further calculated the relative probability of the defect clusters as a function of 
temperature, based on their formation energy, at the hydrogen concentrations considered in this 
 10 
work (Fig. 3). We have used the same approach as for our previous work on oxy-hydroxyl defect 
clusters in UO2
17.  Equation 3 displays the calculation of free energy, where ΔGi is the free energy 
of the defect cluster i, Ω is the degeneracy of the cluster (1 for the all defects in this study), EForm,I 
os the formation energy calculated in equation 2 and we have recalled them such that this value is 
set to zero for the most stable defect, R is the gas constant and T is the temperature.  
 





     (3) 
The probability is then given by 
𝑃 =  
𝛥𝐺𝑖
∑ 𝛥𝐺𝑖𝑖
   (4) 
This approach does not explicitly include the effect of temperature on the differences between 
the defect free energies, but as the defects are all in the solid phase with similar size, symmetry 
and stability, the cohesive energy will dominate and entropic differences are unlikely to reverse 
the conclusions. However, the effect of entropic terms and explicit inclusion of temperature would 
be a useful area for future research. 
In the absence of hydrogen the Oi is the dominant defect, up to temperatures of 3000 K. When 
hydrogen is introduced (117 µg H/ g UO2), the probability of the clusters becomes near equal, with 
this time a slight favouring of the Oi. Upon increasing the hydrogen concentration to 234 µg H/ g 
UO2 the 𝐼1




FIG. 3: The relative probability of Oi or 𝐼1
𝑥 based cluster as a function of temperature assuming a 
fixed bulk concentration of hydrogen of (a) 0, (b) 117, (c), 234 µg H/g UO2. The probability has 
been calculated relative to the most stable cluster for each local hydrogen concentration.  
The 𝐼1
𝑥 configuration represents the mid-point defect cluster of an interstitialcy diffusion 
mechanism42, which is a metastable intermediary that can be called split mono interstitial. In the 
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presence of hydrogen this cluster will have a similar formation energy compared to the isolated 
Oi; this will have implications for the understanding of the diffusion of oxygen in UO2. In the 
presence of hydrogen the 𝐼1
𝑥 cluster appears to be a relevant species that will compete to the Oi 
diffusion and could immobilise the oxygen diffusing species. Although different oxygen clusters 
have been proposed for UO2+x at different oxygen stoichiometry, isolated oxygen interstitials will 
still be the major diffusing species in oxygen rich environments, and so its diffusion will be 
moderated by the presence of hydrogen. 
Conclusions 
In conclusion, we have shown that oxygen clustering can occur at low excess oxygen 
concentrations in the fluorite structured UO2+x, with the relative stability of the Oi and 𝐼1
𝑥 
significantly affected by the presence of hydrogen. The 𝐼1
𝑥 becomes a relevant species, notably for 
crystallographic models that could explain the complex uranium-oxygen-hydrogen phase diagram 
and oxygen diffusion models of hyperstiochoimetric UO2. This will have implications in predicting 
and engineering the material’s properties. There is room here for investigating other aspects to this 
work, notably whether this is a general behavior in fluorite materials, and the exploration of the 
migration barriers of oxygen diffusion in the presence of hydrogen. Finally, correlating our ab 
initio data to experimental data from pair distribution function (PDF) analysis will provide 
essential insight into oxygen cluster behavior and should constitute the object of further work. 
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We used DFT simulations to model the incorporation of hydrogen in oxygen rich UO2. The results 
suggest that an intermediate oxygen cluster is stabilised by the hydrogen. As this cluster 
represents an intermediate on the oxygen diffusion pathway, hydrogen may disrupt oxygen 
transport in this important nuclear material. 
 
